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ABSTRACT 
Selectivity and sensitivity are important figures of merit in the design and optimization of 
electrochemical biosensors. The efficiency of the fabricated immunosensing surface can easily 
be influenced by several factors, such as detection limit, non-specific binding, and type of 
sensing platform. Here, we demonstrate the effect of macro- and micro-sized planner working 
electrodes (4 mm and 400 µm diameter, respectively) on the electrochemical behavior and the 
performance of the developed biosensor to detect human chorionic gonadotropin (hCG), please 
say why hCG here briefly. The fabricated screen-printed sensor was constructed by modifying 
the carbon macro- and micro-electrodes with a linker, 1-pyrenebutyric acid-N-
hydroxysuccinimide ester (PANHS) and immobilization of anti-hCG antibodies to detect 
specifically the hCG protein. The characterization of the developed electrodes was performed 
by cyclic voltammetry (CV) and square wave voltammetry (SWV). Each immunesensing 
system has its unique electrochemical behavior which might be attributed to arrangement of 
particles on the surface. However, the smaller surface area of the micro-electrode is found to 
show higher sensitivity (1 pg/mL) compared to the macro-electrode sensor with a lower 
detection limit of 100 pg/mL.  The proposed assay represents a promising approach that is 
highly effective for specific detection of an analyte and can be exploited to target biomarkers 
for a variety of point-of-care diagnostic applications. 
 
1. INTRODUCTION  
Development of selective and sensitive immunosensors to quantify a small concentration of 
analytes is still a challenging task due to the difficulty of controlling the fabricated sensing 
surface. Several factors may impact on the efficiency of the developed biosensor including the 
wettability properties of the sensing layer, orientation and density of the captured biomolecules 
(antibodies or aptamers), and the choice of the sensing platform, which must be inert to avoid 
any overlapping features of other materials on the surface of the sensing electrode (1-3). 
Electrochemical analysis is one of the most widely used techniques in clinical applications due 
to its speed, low cost, design flexibility, and high sensitivity and selectivity (4-7). Moreover, 
electrochemical-based biosensors can be exploited either to understand the electrochemical 
behavior of biomolecules or as effective tools to detect different analytes in clinical, 
environmental, agricultural, pharmaceutical and food samples (8-10). Depending on the 
application, several features need to be considered in the functionalized electrode such as size, 
shape, structure, composition, morphology and the material of the working electrode. An 
important parameter in developing an efficient sensor is the size of the most common planar 
working electrode. Performing electrochemical measurements at micron or submicron scale 
offer many advantages including (i) lower ohmic losses; (ii) reduced electrode capacitance due 
to the smaller surface area; (iii) enhanced signal-to-noise ratio; (iv) changes in the electrode 
surface diffusion from linear to radial which increases the mass transport rates to and from the 
electrode; (v) reduced polarization time which ultimately lowers the setup time and shortens  
the overall assay time and finally, (vi) permits electrochemical analysis of in vivo processes 
(11-13). However, despite these advantages, micro-electrodes suffer from some limitations 
compared to macro-electrodes such as the additional effort needed for cleaning and 
pretreatment (electrochemically and mechanically) to regenerate the electrode surface, their 
matrix materials and chemical reactions can be easily deactivated with aggressive and organic 
solvents and the requirement of a sensitive current amplifier for measuring currents in the 
micro-ampere range (14-15). They are often manufactured at the performance limits of the 
manufacturing process, and hence suffer a higher variability in relative electrode area compared 
to macro-electrodes, which directly affects their sensitivity. 
 
Generally, when it is difficult to obtain quantitative or qualitative voltammeteric responses for 
the target analytes, an electro-catalytic mediator such as polymers or linkers can be used to 
modify the electrode surface to enhance the sensing performance of the fabricated sensor. 
There are several methods to immobilize mediator molecules onto the sensor including 
physical attachments, drop casting, physical or chemical covalent bond sorption and mixing 
into the carbon paste (16). 1-pyrenebutyric acid-N-hydroxy-succinimide ester (PANHS) is a 
linker that can be used as a scaffolding molecule to modify electrode surface by providing a 
suitable base for immobilizing antibodies. PANHS has been immobilized on carbon or 
graphene sheets (17,18), and carbon nanotubes through π-stacking and its succinimidyl ester 
group can react strongly to nucleophilic substitution by the amine groups of antibody or protein 
(19-21).  
 
Human chorionic gonadotropin (hCG) is a 37 kDa glycoprotein hormone composed of two 
non-identical subunits: α-hCG (14 kDa, 92 amino acids) which can be found in different 
glycoprotein hormones such as thyroid stimulating hormone and β-hCG (23 kDa, 145 amino 
acids) which is unique to hCG. These two subunits are joined together by hydrophobic and 
ionic non-covalent interactions. This hormone is an important diagnostic marker of pregnancy 
and early fetal loss (22-24). However, β-hCG is not found in healthy men but presence of free 
β-subunit in blood is widely used as a tumor biomarker in selected tumors such as lung (25), 
stomach (26), and pancreas (27). Indeed, it has been recommended to combine blood and urine 
assays of β-hCG for cervical and ovarian cancers detection (28). However, hCG is expressed 
by both trophoblastic and non-trophoblastic human malignancies and plays a critical role in 
cell growth, invasion and malignancy at advanced stage of cancer (29).  
 
Here we report on a proof-of-concept electrochemical sensor for the detection of hCG using 
commercially available macro- and micro-sized working electrodes (4 mm and 400 µm 
diameter, respectively). Screen-printed electrodes were used as they are inexpensive, 
disposable, and easily functionalized. Fabricated sensors and detection of hCG were 
characterized by cyclic voltammetry (CV) and square wave voltammetry (SWV). The 
developed sensor is based on carbon graphite electrodes modified with anti-hCG antibody / 
PANHS / SPCE (Scheme 1). The fabricated micro-electrode exhibits a detection limit of 1 
pg/mL compared to macro-electrode with a ~100 pg/mL limit of detection (LoD). The 
developed assay is relatively simple, fast in response, cost effective and easy to characterize.  
 
Scheme 1: Approach for the detection of hCG biomarker by modified macro-and micro-electrodes. 
Schematic showing the steps involved for the fabrication of electrochemical biosensor (not  to scale) 
(1) bare screen printed carbon electrode (SPCE) either macro- or micro-electrode; (2) modification of 
electrode surface with PANHS; (3) immobilization  of anti-hCG antibody; (4) blocking with BSA to 
prevent non-specific binding; (5) capturing of hCG antigen onto the modified surface and formation of 
antibody-antigen complex. 
2. EXPERMINTAL SECTION 
2.1. Reagents 
The hCG antigen and antibody were purchased from Abcam, UK. Insulin, phosphate-buffered 
saline (PBS) tablets, bovine serum albumin (BSA), K3[Fe(CN)6], K4[Fe(CN)6], and KCl, were 
obtained from Sigma-Aldrich GmbH, Germany. Screen printed carbon macro- and micro-
electrodes (SPCE) were obtained from DropSens (Spain) and Zimmer and Peacock (UK) 
respectively.   
 
2.2. Preparation of the modified sensor 
Three-electrode system: counter electrode (CE, carbon), reference electrode (RE, silver) and 
working electrode (WE, Diameter of carbon macro- and micro-electrodes = 4 mm and 400 µm, 
respectively) was used in this study to perform the electrochemical measurements. Initially, 
working electrodes were incubated with 2 mM PANHS in methanol for 4 hours at 4°C in a wet 
chamber. After rinsing with PBS, 20 µg/ml of anti-hCG antibodies were dropped on the surface 
and incubated for another 4 hours at 4°C followed by the blocking with 0.5% BSA in PBS for 
at least 2 hours at 4°C to minimize unspecific adsorption on the surface. A rinsing step with 
PBS was performed after each step. The developed sensors were stored at 4°C until further use. 
Different concentrations (from 1 pg/mL to 100 ng/mL) of hCG antigen in PBS were incubated 
with the modified electrodes for 60 min at 37°C to from antigen-antibody complex.  
2.3. Electrochemical measurements   
The sensor performance was investigated using cyclic voltammetry (CV) and square wave 
voltammetry (SWV). Cyclic voltammograms were recorded from -0.4 to 0.6 V for macro-
electrodes and from -0.2 to 0.5 V for micro-electrodes at scan rates of 10 and 50 mV/s. Square 
wave voltammograms were recorded in the potential interval of 0.45 to -0.15 V under the 
following conditions: amplitude of 25 mV, frequency of 15 Hz, and an increase in potential of 
5 mV, yielding an effective scan rate of 75 mV s-1. All electrochemical measurements were 
performed in a solution of 10 mM [Fe(CN6)]
3- and 10 mM [Fe(CN6)]
4- (1:1) containing 100 
mM KCl.   
2.4. Raman spectroscopy 
Raman spectra were collected using an XploRA Raman system (Horiba, Middlesex, UK) 
running LabSpec 6 and equipped with a 532 nm HeNe laser delivering ~4mW of laser power 
at the sample. An Olympus BX41 microscope (Olympus Corp., Tokyo, Japan) with a 100 µm 
slit width and a 300 µm confocal hole, with 1200/mm gratings and 1000x magnification 
(resolution ~0.26 µm). An MPlan N 100x microscope objective (NA of 0.90 and working 
distance 0.21 mm) focused the laser on the sample with a spot size of ~7.5 µm diameter. A 
1024×256 thermoelectrically cooled charge coupled device (CCD) camera was used for 
acquisition of Raman spectra at up to 1.48 MHz readout speed.  
2.5. Contact angles measurements 
The contact angles of water on both the micro- and macro-electrodes of the sensor surface were 
measured using a goniometer (Easy Drop, Krüss, Germany) at room temperature. Briefly, 3-5 
µl of Milli-Q water was deposited onto the surface and the angle was measured immediately. 
All contact angle measurements were repeated in triplicate.  
 
3. RESULTS AND DISCUSSION  
3.1. Characterization of bare carbon macro- and micro-electrodes by Raman 
spectroscopy:  
Raman spectroscopy is a highly sensitive technique that enables characterization of the 
molecular morphology of carbon materials and provides information about their structure and 
properties. In this study, Raman spectroscopy was used to analyze the carbon matrix of macro- 
and micro-electrodes. Figure 1 displays the Raman spectra from the macro- and micro-
electrode surfaces. Raman peaks were observed at ~1350,~1580 cm-1  and ~2750 cm-1 which 
correspond to the disordered (D) band and graphitic (G) and 2D bands respectively, which 
correlate to known bands for carbon as reported earlier (30,31). The measured intensities of D, 
G and 2D peaks varied across different areas of the same macro or micro-electrode surfaces. 
In particular, the three peaks are prominent from most of the examined areas of the macro-
electrode while only a few areas of the micro-electrode surface showed D peaks, which 
suggests the latter electrode had relatively low density of defects and disorder compared to the 
macro-electrode. There are several factors that can affect the Raman signal from the surface of 
the working electrode, such as peak position, intensity rations I(D)/I(G), I(G)/I(2D), full-width-
half-maximum of the peaks, stress, doping etc.. Therefore, the nature and quality of the 
electrode surface is found to play a significant role in influencing the sensitivity of the 
biosensing surface. The Raman spectrum in Figure 1 lends support to our results from the cyclic 
voltammetry measurements (Section 3.6) which demonstrate that the micro-electrode is 
approximately an order-of-magnitude more sensitive than the macro-electrode.    
 
 
Figure 1: Raman spectra of bare carbon for macro- and micro-electrodes compared to Ag in locality 
with the working electrodes.  
 
3.2. Contact angle analysis  
The wettability of the modified sensor was investigated by studying the contact angles of water 
droplets on the carbon substrate. Generally, small angle indicates hydrophilic surface while 
large angle indicates hydrophobic surface. The importance of investigating the wetting 
properties is to determine the quality of the modified surface since the wettability has an impact 
on molecules immobilization (32). In this work, contact angle data for water droplet on the 
unmodified carbon micro-substrate showed hydrophilic surface (68.9°) which means good 
wettability and adhesiveness and high solid surface free energy. In contrast, unmodified carbon 
1000 1250 1500 1750 2000 2250 2500 2750 3000
In
te
n
s
it
y
 (
a
.u
.)
Raman Shift (cm-1)
 Macro-Electrode
 Ag
2D
D
G
Ag
 
1000 1250 1500 1750 2000 2250 2500 2750 3000
In
te
n
s
it
y
 (
a
.u
.)
Raman Shift (cm-1)
 Micro-Electrode
 Ag
G 2D
Ag
 
macro-substrate showed hydrophobic surface (97.9°). Further modification of carbon macro-
surface with PANHS leads to lower hydrophilicity (87.8°) due to its structural nature. The 
structure of PANHS includes a pyrene and amine-reactive hydrophobic region. A stable non-
covalent complex can be formed between pyrene derivatives and carbon substrate while NHS 
ester can be used to couple to amine-containing ligands such as antibodies. Subsequently, 
functionalizing the surface with hCG antibodies and blocking with BSA decreased the angles 
to 63.4 and 52.5°, respectively. These reduction of contact angle values indicate increasing 
wettability of the generated surface (Figure 2). The final developed layer reveals a hydrophilic 
matrix that is suitable for biomolecular immobilization and detection. 
 
Figure 2: Contact angle images of water droplets on unmodified carbon macro-electrode, PANHS-
modified carbon electrode, hCG antibody / PANHS-modified carbon electrode, and BSA / Ab / 
PANHS-modified carbon electrode.  
3.3. Characterization of bare carbon macro- and micro-electrodes by cyclic voltammetry  
Cyclic voltammetry of carbon electrodes in the presence of a redox mediator is a classic 
electrochemical experiment for characterizing a carbon electrode surface. In Figure 3 there is 
a side by side comparison of two electrodes, a macro-carbon-electrode and a micro-carbon-
electrode which would have been expected to give similarly shaped cyclic voltammograms 
when tested with a ferricyanide/ferrocyanide solution, but in fact the macro-electrode had a 
cyclic voltammogram that was distorted relative to the micro-electrode. The voltammograms 
of the macro-electrode attains its characteristic, symmetrical appearance from the reversible 
redox reaction, but with peak separations much greater than that dictated by the Nernst equation 
(59 mV for single electron reactions at room temperature). Please add Nernst equation here 
then we can mention the 59 mV for single electron reaction. This is attributed to the inherent 
resistance of the carbon resulting in an internal IR voltage drop in the electrode material. This 
contribution is typically negligible in metallic electrodes. For the micro-electrodes, there is the 
emergence of two sharp redox peaks. These are closer to the expected 59 mV peak separation, 
indicating that the resistance is significantly lowered. The reduced electrode size lowers the 
resistance 𝑅, since the distance to the conductive track is shorter, in accordance with 
Pouillette’s law: 𝑅 = 𝜌
𝐿
𝐴
 where 𝜌 (ohm cm) is the inherent resistivity of the carbon, L (cm) is 
the length of the resistive material, and A (cm2) is its cross-sectional area.  
 
Figure 3: Cyclic voltammograms of the developed biosensor (C/PANHS/anti-hCG Ab/BSA) for 
macro- and micro-electrodes in 10 mM [Fe(CN6)]3-/4- and 100 mM KCl with increasing scan rate from 
10 to 100 mV/s.  
 
Classical Randle equivalent circuit in figure 4 can be used to explain the CV response data 
shown in Figure 3. We have added an extra resistive element, RElectrode, to represent the 
resistance of the electrode. In the case of the micro-electrode the RElectrode, element has a smaller 
value and does not distort the voltammograms, whilst in the case of the macro electrode the 
RElectrode, value is larger and starts to dominate and distort the voltammograms by increasing the 
peak separation. 
 
Figure 4: Randle Equivalent Circuit: RS solution resistance, RCT charge transfer resistance, CDL double 
layer capacitance, RElectrode resistance of the electrode. 
As the macro- and the micro-electrodes are from different suppliers  it is  possible that the 
screen-printing ink is more conductive in the micro-electrode  than the macro-electrode.. For 
either of these screen-printed electrodes to work in this application with the necessary 
sensitivity then it is important that the charge transfer resistance RCT and the double layer 
capacitance, CDL, are the dominant elements in the circuit as the elements characterize the 
specific binding at the sensor surface during the assay, However, if the RElectrode value is too 
high relative to the RCT , it will mask their contributions and therefore make the assay less 
sensitive. 
 
 
 
3.4. Sensing Assay Principles  
Scheme 1 shows the current approach for the detection of hCG biomarker using PANHS-
modified screen-printed carbon electrodes. Carbon micro- and macro-electrodes were modified 
with PANHS as a recognition layer that displayed affinity for the anti-hCG antibody and 
subsequently exposed to solution of the antibody. The blocking step using BSA was performed 
in order to minimize any unspecific binding on the surface and followed by the hCG antigen 
incubation step. The target hCG protein was captured by the immobilized hCG antibodies. 
Functionalized electrodes and detection efficiency of hCG antigen were characterized using 
CV and SWV measurements by monitoring Faradaic and non-faradaic currents generated by 
[Fe(CN6)]
3-/4- present in the electrolyte solution. For the macro-electrode (4 mm), figure 5 
shows the cyclic voltammograms of different components on the macro-electrode surface at 
scan rates of 10 and 50 mV/s. As shown in these voltammograms, typical peak-shaped current-
voltage curves were obtained and an increase in the peak current of PANHS/C electrode 
compared to bare C electrode which can be attributed to higher electric transfer kinetics at 
macro-sized working electrode surface. PANHS molecules improved the electrocatalytic 
behavior and increased the effective surface area which enhanced electron transport between 
the mediator layer and electrode. By immobilizing anti-hCG antibody and blocking the 
electrode surface, peak current signals further reduced due to prevention of the [Fe(CN6)]
3-/4- 
redox system from approaching the electrode surface. Hence, it is clear that the intensity of 
anodic and cathodic peak currents is affected by each deposited layer on the sensor surface.  
 Figure 5: Cyclic voltammograms of macro-electrode in 10 mM [Fe(CN6)]3-/4- and 100 mM KCl for 
each modification steps at scan rates 10 and 50 mV/s.  
 
When the micro-electrode (400 µm) was used as a working electrode, the peak-shape is found 
to be significantly different to that of the macro-electrode (Figure 6). It is possible that the 
random distribution of the particles on the macro-electrode surface changes the electrode 
behavior while in the case of micro-electrode surface the nearest-neighbor distance minimize 
diffusion which leads to a higher mass transport per unit surface area. Moreover, at a lower 
scan rate (10 mV/s), the shape and intensity of the current-voltage curves are different 
compared to curves at higher scan rate (50 mV/s). However, after modifying the carbon 
electrode with PANHS molecules, in contrast to macro-electrode, the value of the peak current 
decreased which indicated formation of insulation layer that hinders the electron transfer 
between linker layer and the electrode. Similar to macro-electrode, the current signals 
decreased with the stepwise addition of the antibodies and BSA molecules. The subsequent 
reduction of CV signals after addition of these biomolecules indicates formation of a functional 
biosensor and the effect of different size of working electrodes. The results of CV studies 
conducted on the BSA / anti-hCG antibody / PANHS / CE biosensor obtained as a function of 
scan rates from 10 to 100 mV/s are shown in figure 3 for macro- and micro-electrodes. 
 
Figure 6: Cyclic voltammograms of micro-electrode in 10 mM [Fe(CN6)]3-/4- and 100 mM KCl for each 
modification steps at scan rates 10 and 50 mV/s.  
3.5. Optimization of the sensing system  
Finding the optimal concentration of the biomolecules for developing sensitive and specific 
sensors is considered to be an important step that strongly impacts the detection limit of the 
sensing system. Figure 7 shows changes of SWV current in response to detection of 10 pg/ml 
hCG antigen with two different concentrations of immobilized anti-hCG antibody (10 and 20 
µg/ml) on the PANHS layer. In the case of macro-electrode, the SWV current reduced when 
higher concentration of the antibody was used (-69.25 and -81.60 µA for 10 and 20 µg/ml 
antibody, respectively). After addition of the hCG biomarker (10 pg/ml), the current increased 
(to -64.91 and -80.54 µA for 10 and 20 µg/ml antibody, respectively) which indicates that 
neither of these two antibody concentrations gave consistent antigen detection. In contrast, 
when micro-electrode was tested, both concentrations were efficient in capturing hCG protein, 
the current increased negatively and well-defined current peaks were obtained after hCG 
antigen addition. At 10 µg/ml antibody, the SWV increased from 8.50 µA to 11.88 µA after 
addition of 10 pg/ml hCG biomarker while the current increased from 10.43 µA to 14.50 µA 
at 20 µg/ml antibody concentration. Thus, higher antibody concentration, of 20 µg/ml, exhibits 
better efficiency to detect the target antigen. However, low antibody concentration strongly 
reduces the sensitivity of a designed sensor while high concentration increases the antibody 
layer density which may generate high steric barrier that prohibited [Fe(CN6)]
3-/4- ions from 
moving onto the electrode surface.  
 
Figure 7: SWV signals for optimizing of the anti-hCG antibody concentrations (10 and 20 µg/ml) on 
the PANHS-modified macro- and micro-electrodes and detection of 10 pg/ml hCG protein in 10 mM 
[Fe(CN6)]3-/4- and 100 mM KCl. Potential step: 5 mV; amplitude: 25 mV; frequency: 15 Hz. 
3.6. Characterization of sensitivity of the modified electrodes  
To investigate the sensitivity and analytical performance of the developed macro- and micro-
biosensor, hCG biomarker was used at different concentrations in PBS and electrochemical 
response studies were performed in [Fe(CN6)]
3-/4- using SWV technique at amplification of 25 
mV and frequency of 15 Hz. For macro-electrode (Figure 8 ), during the SWV measurements, 
the peak current reduced with increasing hCG concentrations which is attributed to formation 
of an antigen-antibody complex onto the developed electrode. The limit of detection was 
approximately 0.1 ng/ml and at higher hCG concentrations (>100 ng/mL) caused surface 
saturation (data not shown). 
 
Figure 8: Change of SWV signals at the developed immunesensor of macro- and micro-electrodes after 
incubation with hCG protein at different concentrations.  
 
Typical voltammograms are shown in figure 8 for microelectrode performance in detecting 
hCG at concentrations of 1, 10, 100, 1000 pg/ml. The micro-electrode shows higher sensitivity 
compared to the macro-electrodes. It was able to detect hCG at a concentration level as low as 
1 pg/mL and sensor surface became saturated at a concentration higher than 1000 pg/ml. The 
obtained results confirmed the good sensitivity of the fabricated bioelectrodes. Moreover, as 
shown above using Raman spectroscopy, micro-electrode has better structural properties which 
also indicates potential for enhanced sensitivity of this type of sensing surface. 
To confirm selectivity to hCG protein, the modified micro-electrode sensor was tested by 
incubating with 10 pg/ml insulin and its response was compared to hCG at the same 
concentration (Figure 9). The control experiment shows no significant changes after addition 
of insulin to the developed sensor while a significant response was recorded with hCG due to 
the specific interaction between the antibody and antigen.  
 Figure 9: SWV signals obtained at the modified micro-electrode (C/PANHS/anti-hCG Ab/BSA) with 
hCG protein and insulin (as a negative control).  
 
CONCLUSION   
The physical size of the working electrode has been demonstrated to have a direct impact on 
the electrochemical response and sensitivity of the fabricated biosensors using macro- and 
micro-electrodes. The results of CV and SWV measurements conducted on developed BSA / 
anti-hCG antibody / PANHS / SPCE show generation of a simple, low-cost, and label-free 
electrochemical biosensor with a good selectivity and sensitivity to hCG protein. The macro-
electrode showed typical voltammogram peaks for the fabricated sensor and acceptable 
detection limit (100pg/mL), whereas the micro-electrodes showed higher sensitivity (1 pg/mL) 
which may be attributed to better structural properties due to the nearest-neighbour distance as 
confirmed by Raman spectroscopy, and the more favorable electrochemical properties of the 
micro-electrode relative to the macro-electrode due to the lowered electronic resistance, as 
evidenced by CV characterization. Future work will aim to modify the proposed sensors by 
using different carbon materials such as graphene and two-dimensional materials [33] to 
investigate the electrochemical behavior of different matrices based on the surface area, to 
enhance the sensitivity and to target different sample types as well as impedance spectroscopy 
detection techniques [34]. Indeed, the principles of the presented assay can be exploited to 
fabricate a variety of diagnostic sensors by using different antibodies or aptamers to recognize 
wide range of biomarkers.  
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